Wnt signaling is known to be required for the normal development of the vertebrate midbrain and hindbrain, but genetic loss of function analyses in the mouse and zebrafish yield differing results regarding the relative importance of specific Wnt loci. In the zebrafish, Wnt1 and Wnt10b functionally overlap in their control of gene expression in the ventral midbrain -hindbrain boundary (MHB), but they are not required for the formation of the MHB constriction. Whether other wnt loci are involved in zebrafish MHB development is unclear, although the expression of at least two wnts, wnt3a and wnt8b, is maintained in wnt1/wnt10b mutants. In order to address the role of wnt3a in zebrafish, we have isolated a full length cDNA and examined its expression and function via knockdown by morpholino antisense oligonucleotide (MO)-mediated knockdown. The expression pattern of wnt3a appears to be evolutionarily conserved between zebrafish and mouse, and MO knockdown shows that Wnt3a, while not uniquely required for MHB development, is required in the absence of Wnt1 and Wnt10b for the formation of the MHB constriction. In zebrafish embryos lacking Wnt3a, Wnt1 and Wnt10b, the expression of engrailed orthologs, pax2a and fgf8 is not maintained after mid-somitogenesis. In contrast to acerebellar and no isthmus mutants, in which midbrain and hindbrain cells acquire new fates but cell number is not significantly affected until late in embryogenesis, zebrafish embryos lacking Wnt3a, Wnt1 and Wnt10b undergo extensive apoptosis in the midbrain and cerebellum anlagen beginning in mid-somitogenesis, which results in the absence of a significant portion of the midbrain and cerebellum. Thus, the requirement for Wnt signaling in forming the MHB constriction is evolutionarily conserved in vertebrates and it is possible in zebrafish to dissect the relative impact of multiple Wnt loci in midbrain and hindbrain development. q
Introduction
Patterning the vertebrate neural tube along the anteroposterior (A/P) axis requires the function of Wnt proteins at several critical points. First, Wnt activity in concert with Fgfs and retinoic acid establishes A/P polarity in the early neural plate McGrew et al., 1997) . Subsequently, the action of multiple Wnts is required during the subdivision of the neural tube into progressively specialized A/P territories (Houart et al., 2002; Kim et al., 2002) .
Wnt signaling plays an especially critical role during the formation of the brain signaling center known as the isthmic organizer, located at the midbrain -hindbrain boundary (MHB, for review, see Rhinn and Brand, 2001) . In this role, Wnt signaling interacts at the MHB in a tripartite network with members of the Fgf and Pax protein families to reinforce and maintain gene expression ultimately required for formation of the midbrain -hindbrain constriction. Despite the recognized importance of Wnt signaling to brain patterning, most functional information has been gained in the mouse, thus it is unclear whether functions ascribed to individual Wnt loci are evolutionarily conserved in anamniotes.
In the zebrafish, at least five Wnts are expressed during early stages of neural plate regionalization. Wnt8 provides the initial posteriorizing signal during early gastrulation (Erter et al., 2001; Lekven et al., 2001) . During late gastrulation, Wnt8b, Wnt3a, Wnt1 and Wnt10b initiate expression in the prospective MHB (Kelly et al., 1995; Krauss et al., 1992; Lekven et al., 2003) . We have recently shown that Wnt1 and Wnt10b, although expressed in multiple overlapping domains including the MHB, are required for the maintenance of gene expression only in the ventral portion of the MHB, at the juxtaposition of the midbrain tegmentum and hindbrain rhombomere 1 (Lekven et al., 2003) . In embryos lacking Wnt1 and Wnt10b, the dorsal portion of the MHB, where the cerebellum and optic tectum meet, continues to express several critical MHB genes, including wnt8b and wnt3a (Lekven et al., 2003) .
Curiously, the zebrafish wnt1/wnt10b mutant phenotype is very mild compared to that of the mouse wnt1 knockout. While the zebrafish wnt1/wnt10b phenotype is limited to a portion of the MHB, mouse embryos lacking Wnt1 function have severe reductions in both midbrain and hindbrain and fail to form a MHB (McMahon and Bradley, 1990; Thomas and Capecchi, 1990; Thomas et al., 1991) . Of note, mouse wnt1 mutants do not display a phenotype in other regions expressing wnt1, namely the dorsal neural tube in the trunk and tail. This lack of a phenotype in the spinal cord has been attributed to the overlapping expression of wnt3a (Takada et al., 1994) . In support of this, mice doubly homozygous for wnt1 and wnt3a knockout alleles have a more severe phenotype than either single mutant, and the compound phenotype includes a deficiency of dorsal spinal cord derivatives (Ikeya et al., 1997) . Thus, mouse Wnt1 and Wnt3a functionally overlap in subsets of their overlapping expression domains.
Because zebrafish wnt1/wnt10b deficiency mutants retain wnt3a and wnt8b expression in the dorsal MHB, it is possible that the relatively mild MHB phenotype of these mutants is due to the remaining expression and compensatory action of these or other unidentified Wnt genes. If this is the case, then knockdown of these Wnts should enhance the MHB phenotype of Df w5 embryos. We have tested this hypothesis for Wnt3a. We report here that Wnt3a, which does not appear to provide a unique function at the MHB, is active in the MHB of wnt1/wnt10b mutants. Knockdown of Wnt3a in Df w5 embryos results in the early loss of engrailed, pax2a and fgf8 expression. The consequence of this is the loss of the morphological MHB. Surprisingly, the MHB expression domain of wnt8b is not appreciably affected in wnt3a/wnt1/wnt10b mutants until late somitogenesis stages, after the loss of engrailed, pax2a and fgf8. Thus, our results indicate that Wnt signaling is required across vertebrate taxa for forming the MHB constriction, but coexpression of independent Wnt1-class ligands does not necessarily imply redundant functionality.
Results

Isolation and expression of zebrafish wnt3a
To test our hypothesis that Wnt3a provides functional overlap with Wnt1 and Wnt10b at the zebrafish MHB, we amplified the full length coding region corresponding to the previously reported wnt(a) (Krauss et al., 1992) , which we predicted to encode the zebrafish Wnt3a ortholog based on the reported expression pattern and initial sequence analysis (not shown). RACE was used to amplify the 5 0 and 3 0 coding region, and a complete cDNA was subsequently amplified as a single PCR product.
Sequence analysis of the amplified clone shows that it is highly related to other vertebrate Wnt3a orthologs (Fig. 1A) . Vertebrate Wnt3a sequences are very highly conserved with amino acid identities of approximately 80% between species. Zebrafish Wnt3a has an additional 12 amino acids not present in other vertebrates, but the rest of the protein sequence varies little from the consensus. Parsimony analysis of Wnt3a and Wnt3 orthologs supports the assignment of the zebrafish protein as Wnt3a (Fig. 1B) . Thus, we will refer to this locus as zebrafish wnt3a.
RT-PCR analysis showed that wnt3a expression can be detected at 80% epiboly, at which point transcripts are only detectable in the ventral margin (not shown). At bud stage, in addition to tailbud expression, wnt3a transcription initiates in anterior and posterior bilateral ectodermal domains, which are seen more clearly at the 3-somite stage ( Fig. 2A,B) . These ectodermal expression domains are at the lateral regions of the neural plate ( Fig. 2A) . Simultaneous detection of wnt3a and krox20 transcripts shows that the posterior ectodermal domain extends caudally from r5 ( Fig. 2D ,E arrows), while detection of wnt3a and pax2a shows that the anterior domain overlaps and extends forward from the lateral edge of the prospective MHB ( Fig. 2E,F ; asterisk marks wnt3a, pax2a overlap). These expression domains persist through 24 hpf but become refined; at the 14-somite stage, in addition to tail bud staining, expression is found in the dorsal neural tube from the hindbrain caudally along the length of the axis (Fig. 2C, arrow) and at the dorsal midline of the midbrain with ventral extensions at the future MHB and in the prospective diencephalon (Fig. 2C , asterisk, arrowhead). At 24 hpf, wnt3a expression is similar to that of wnt1 and wnt10b (Lekven et al., 2003) with the notable exception that wnt3a remains confined to the dorsal midline at the MHB and does not extend into any ventral portions of the MHB (Fig. 2H, arrowhead) . Codetection of wnt3a and pax6 shows that wnt3a extends along the dorsal midline of the midbrain rostrally to a position between two dorsal diencephalic domains of pax6 ( Fig. 2I ; forked arrow: pax6; single arrow indicates rostral border of wnt3a). wnt3a is expressed in the hindbrain in a pattern similar to wnt10b, including cerebellar and rhombic lip expression (Fig. 2G, asterisk) . The expression pattern we observe for zebrafish wnt3a is, therefore, highly similar to that seen for mouse wnt3a (Takada et al., 1994) .
Wnt3a participates in MHB formation
In order to address the function of zebrafish Wnt3a, we performed knockdown experiments using morpholino antisense oligonucleotides (MOs). MOs designed to block splicing (Draper et al., 2001 ) of the first intron of wnt3a premRNAs confer specific and effective knockdown (Fig. 3A) . The MO is targeted to the splice donor site of the first intron. Unspliced mRNAs will produce a predicted protein of 206 conserved amino acids up to the splice site followed by 31 non-conserved amino acids encoded by the intron, then a stop codon. Such truncations are known to be nonfunctional (Hoppler et al., 1996) . Upon injection of the splice-blocking MO, no wild-type product is observed. Thus, this approach should generate a strong loss of function for Wnt3a.
Injection of either a translation blocking MO (Summerton, 1999) or the splice blocking MO into wild type embryos led to only mild effects with low penetrance. Generally, embryos are not visibly distinguishable from uninjected wild type embryos, with the exception that we observe occasional decreases in tail length (not shown). This result suggests that zebrafish Wnt3a may not have a unique essential function in contrast to mouse Wnt3a, which is required for axis development caudal to the forelimbs (Takada et al., 1994 ).
An essential function for Wnt3a is, however, revealed in the context of wnt1/wnt10b loss of function ( Fig. 3B -E) . Whereas zebrafish embryos homozygous for the wnt1/ wnt10b deficiency Df(LG23)wnt1 w5 (or simply Df w5 ) develop a MHB with only subtle defects (Lekven et al., 2003) , upon the further loss of Wnt3a activity the MHB fails to form. We have obtained the same results using either the splice blocking MO, a translation blocking MO, or combinations of both MOs (repeated . 3 times), thus demonstrating the specificity of this effect. For example, 26.7% of wnt3a-MO injected embryos derived from a cross of Df w5 heterozygotes lack an observable MHB at 24 hpf ( Fig. 3D ,E; 31/116 embryos with phenotype P , 0:005). Because neither wnt3a-MO injected embryos nor Df w5 embryos display this phenotype ( Fig. 3B ; n . 100 for each), and because the phenotype is present in Mendelian ratios in MO-injected embryos (observed with both translation blocking and splice blocking MOs, but not with control MO; repeated . 5 times), we conclude that the embryos lacking the MHB are those lacking Wnt3a, Wnt1 and Wnt10b (wnt3a MO ;Df w5 /Df w5 embryos). The phenotype appears to be restricted to the brain, as the trunks and tails of all injected embryos appear grossly normal (compare Fig. 3B,D) . Thus, zebrafish Wnt3a is responsible for the formation of the MHB in embryos lacking Wnt1 and Wnt10b function. embryos, we examined the expression of several key MHB molecules. We examined the expression of pax2a, en2, fgf8 and pou2 between the bud and 6-somite stages, but we were unable to detect any significant differences from wild type (not shown), similar to our observations of the Df w5 /Df w5 phenotype (Lekven et al., 2003) . By the 12-somite stage, Df w5 /Df w5 embryos show a slight reduction in pax2a and en2 in the ventral portion of the prospective MHB, but are not distinguishable from wild type when examined for fgf8, wnt8b or en3 expression (Lekven et al., 2003) . In contrast, significant losses in gene expression are evident in 12-somite stage wnt3a-MO;Df w5 /Df w5 embryos (Fig. 4) . We find that pax2a, fgf8, en2 and en3 are almost completely absent from the prospective MHB, while other expression domains, such as the optic stalk and otic vesicle expression of pax2a or r2 and r4 expression of fgf8, are not affected (Fig. 4A -H (Fig. 4I,J) , but it is somewhat reduced in intensity (13/70 injected embryos affected). This effect is localized to the MHB and the dorsal midbrain, while forebrain and hindbrain expression domains are not substantially different from wild type (Fig. 4I ,J, asterisks, also rhombomeres 3 and 5). Thus, genes required for MHB formation ( pax2a, fgf8, en2 and en3) are absent from the prospective MHB in wnt3a MO ;Df w5 /Df w5 embryos by the 12-somite stage, despite the persistent expression of wnt8b. (Lekven et al., 2003) . (I,J) wnt8b is variably reduced in the MHB of wnt3a MO ;Df w5 /Df w5 embryos (arrow), while the forebrain (asterisk), r3 and r5 domains (numbered) are not significantly different from wild type. ;Df w5 /Df w5 embryos, while dorsal diencephalon (arrows), heart, optic stalk and telencephalic expression is unaffected. (E,F) wnt8b expression in the MHB is completely absent. r1, r3 and r5 expression is still visible in wnt3a MO ;Df w5 /Df w5 embryos (asterisks), and r1 expression abuts the caudal edge of the midbrain (arrow). (G,H) Slightly oblique views. epha4a is normal in r3 and r5, but r1 expression is expanded in wnt3a MO ;Df w5 /Df w5 (arrow). In wild-type embryos, the cerebellum lies dorsal to the basal r1 domain (dotted outline), but this position in wnt3a MO ;Df w5 /Df w5 embryos (dotted line) is occupied by tissue that is not morphologically identifiable. Note also the reduced tegmentum (solid line) recognized as the space between r1 and forebrain (fb) domains of epha4a expression. Forebrain expression of epha4a is increased in some wnt3a In wild-type, the space between otx2 and r1 epha4a expression (vertical lines in panels K,M) defines the region referred to as r0 by Waskiewicz et al. (2002) , which includes the cerebellum anlage. Note the substantially reduced intensity of otx2 expression in the wnt3a MO ;Df w5 /Df w5 embryo, especially at its caudal edge (arrow in N), and the r1 epha4a domain sits below the caudal edge of otx2. Arrowheads in (G -N) indicate equivalent positions, which is the posterior edge of otx2 expression in each genotype.
The midbrain and cerebellum anlage require Wnt activity
We next examined the expression of MHB markers at 24 -27 hpf to address the patterning of the brain and to determine whether the wnt3a MO ;Df w5 /Df w5 phenotype reflects the loss of either pax2a or fgf8 (Fig. 5) . In all cases, the observed molecular phenotypes segregated strictly with the MHB-absent phenotype and were present in , 25% of injected embryos. In contrast to the Df w5 phenotype, in which expression of MHB genes is present but restricted to the dorsal region between the cerebellum and optic tectum, wnt3a MO ;Df w5 /Df w5 embryos have no observable expression of pax2a, fgf8 or wnt8b at the MHB (Fig.  5A -F ). As at earlier stages, other expression domains of these three genes are not affected (for example optic stalk, epiphysis, spinal neurons), indicating that this phenotype is limited to the MHB region. Interestingly, wnt8b expression in rhombomeres 3 and 5 is not affected in wnt3a MO ;Df w5 / Df w5 embryos, but expression in r1, though weak, appears slightly enlarged and is observable adjacent to the posterior edge of the midbrain/MHB region (Fig. 5F , first asterisk, arrow). This leads to the question of what the fates of the midbrain and cerebellum are in zebrafish embryos lacking Wnt3a, Wnt1 and Wnt10b. In acerebellar ( fgf8) and no isthmus (noi) mutants, anterior midbrain and hindbrain regions acquire new fates (Jaszai et al., 2003; Scholpp and Brand, 2003; Tallafuss and Bally-Cuif, 2003) . In ace, this results in the enlargement of the optic tectum (Jaszai et al., 2003; Tallafuss and Bally-Cuif, 2003) . To address midbrain and cerebellar fate, we examined the expression of epha4a, a marker for several forebrain regions, the basal region of r1, and rhombomeres 3 and 5 (Xu et al., 1994) and otx2, a midbrain marker (Li et al., 1994) . wnt3a-MO;Df w5 /Df w5 embryos have a slight increase in expression of epha4a in the forebrain, which is variable among specimens (Fig. 5H, fb) . More striking is the reduction in the size of the tegmentum, which lies between the forebrain and r1 epha4a expression domains (Fig. 5G,H,  solid line) . Further, the r1 domain expressing epha4a has expanded (Fig. 5G,H, arrow) . In wild-type 27 hpf embryos, the cerebellum (indicated by dotted outline in Fig. 5G , and occupying the region between the arrowheads and arrow in Fig. 5I ) lies above the hindbrain region termed r0 by Waskiewicz et al. (2002) , which does not express epha4a. In wnt3a MO ;Df w5 /Df w5 embryos, we now observe the expanded r1 epha4a domain to lie underneath tissue that cannot morphologically be identified as either midbrain or cerebellum (Fig. 5H, dotted To determine whether wnt3a MO ;Df w5 /Df w5 embryos have a cerebellum that can be defined molecularly, we performed a double in situ hybridization for epha4a and otx2. Co-detection of epha4a and otx2 shows that the cerebellar anlage, which is normally indicated by a space between the caudal limit of otx2 and the r1 domain of epha4a (Fig. 5K,M, arrowhead to vertical line) , is not present in wnt3a MO ;Df w5 /Df w5 mutants (Fig. 5L,N ; arrowhead indicates caudal limit of detectable otx2 expression). otx2 is expressed in the tissue that lies dorsal to the expanded r1 domain of wnt3a MO ;Df w5 /Df w5 embryos, indicating that this tissue is midbrain. Therefore, there is no cerebellar structure present in wnt3a MO ;Df w5 /Df w5 embryos. Instead, the enlarged r1 domain lies ventral to the posterior edge of the midbrain (Fig. 5I -N) . Of note, otx2 expression is lower than in wild-type siblings (compare Fig. 5N to M) , especially at the posterior edge of the midbrain (arrow in Fig. 5N ). This observation raises the question of whether the reduced midbrain and missing cerebellum of wnt3a-MO;Df w5 /Df w5 embryos reflects an alteration to brain patterning or whether Wnt signaling is required in the zebrafish MHB for normal cell production or survival.
Cell number can be affected by proliferation rate or by cell death. Since Df w5 /Df w5 embryos have increased levels of midbrain apoptosis (Lekven et al., 2003) , we assayed wnt3a MO ;Df w5 /Df w5 for apoptotic cells via TUNEL labeling ( Fig. 6A -H) . We observed increased levels of apoptosis as early as midsomitogenesis (18 somites; Fig. 6A,B) . In 24 hpf wild-type embryos, very little apoptosis is observed (Fig. 6C,D) , while in wnt3a MO ;Df w5 /Df w5 embryos extensive apoptosis is observed in the presumptive cerebellar region (Fig. 6G,H, arrows) , the midbrain and the neural tube-all sites of wnt3a and wnt1 expression overlap. The pronounced labeling is not observed in the prospective cerebellum of Df w5 /Df w5 embryos (Fig. 6E,F ) or in wnt3a MO embryos (not shown). Thus, Wnt signaling appears to be required in the zebrafish MHB for cell survival, and the extensive cell death observed in wnt3a MO ;Df w5 /Df w5 embryos could explain the lack of a MHB constriction.
To determine whether the increased apoptosis is accompanied by changes in proliferation, we assayed the expression of phospho-histone H3 in mitotic cells. In contrast to the dramatic differences in apoptosis observed in wnt3a MO ;Df w5 /Df w5 embryos, we could detect no significant differences in the numbers of mitotic cells between wild-type and mutant siblings at the 15 or 18-somite stages (data not shown). At 24 hpf, we were able to observe some slight differences in the numbers of anti-phospho-histone H3 labeled cells in some wnt3a MO ;Df w5 /Df w5 embryos, specifically in the prospective cerebellar region (Fig. 6K ,L, arrows) and dorsal midbrain (Fig. 6K,L, arrowheads) ; however, this effect is variable and frequently staining does not significantly differ from wild type. Since sites of variably decreased phospho-histone H3 labeling are in the regions of dramatically increased apoptosis, decrease numbers of dividing cells might be a consequence of reduced numbers of proliferative precursors.
Discussion
We have shown that zebrafish wnt3a (previously referred to as wnt[a] by Krauss et al., 1992 and wnt3 in Jiang et al., 1996) is expressed in a pattern that is similar to that of wnt3a in mouse. This includes early expression in the tailbud accompanied by a dynamic expression pattern in the dorsal neural tube. Interestingly, zebrafish wnt3a expression is observed to extend only a short distance ventrally into the prospective MHB and by 24 hpf it is found only at the dorsal midline of the midbrain, despite its involvement in the formation of the isthmic constriction. While Wnt3a function is not uniquely required for MHB formation, in the absence of Wnt1 and Wnt10b, Wnt3a is required for the formation of the MHB constriction. In the absence of these three Wnt products, the midbrain and cerebellum undergo extensive apoptosis beginning during somitogenesis stages. The requirement for Wnt3a, Wnt1 and Wnt10b in zebrafish MHB development appears to initiate between the 6 and 12-somite stages, significantly later than the requirement for Pax2a and Fgf8 (Lun and Brand, 1998; Reifers et al., 1998) . Further, wnt8b expression alone in the prospective MHB region is not sufficient for the maintenance of pax2a, fgf8 or other MHB gene expression between the 6 and 12-somite stages.
This investigation into zebrafish Wnt3a was prompted by the fact that zebrafish wnt1/wnt10b mutants have a far milder phenotype than mouse wnt1 knockouts. Mouse embryos lacking Wnt1 fail to form a significant portion of their midbrain and rostral hindbrain (McMahon and Bradley, 1990; Thomas and Capecchi, 1990; Thomas et al., 1991) . The mouse phenotype is reflected in the progressive loss of engrailed expression (McMahon et al., 1992) , and the fact that expression of en1 under the control of the wnt1 promoter can rescue the wnt1 mutant phenotype indicates that maintenance of en1 expression may be the primary function of wnt1 in the mouse midbrain -hindbrain region (Danielian and McMahon, 1996) . The lack of a trunk phenotype in mouse wnt1 mutants has been attributed to the overlapping expression of wnt3a, which also is expressed in the dorsal neural tube beginning from the 6-somite stage (McMahon et al., 1992) . Thus, the phenotype of mouse wnt1 mutants is limited to an early unique site of expression of wnt1. If Wnt genes are generally redundant, given similar expression patterns, then the mild phenotype of zebrafish wnt1/wnt10b mutants may be attributable to overlapping expression of other Wnts. Our data suggest that zebrafish wnt3a MO ;Df w5 /Df w5 mutants are quite similar to mouse wnt1 knockouts in that MHB gene expression initiates normally but is lost over time. The ultimate result is the diminution of the midbrain and loss of rostral hindbrain. Our results suggest that Wnt signaling is required as a trophic signal for midbrain and hindbrain cells, but does not necessarily act as a mitogen in these regions. This is in contrast to models in the mouse that propose a mitogenic function but not a role in patterning for Wnt1 and Wnt3a (Dickinson et al., 1994; Megason and McMahon, 2002) . Those models are based on ectopic activation of the Wnt/b-catenin pathway in the dorsal neural tube, whereas mouse wnt1;wnt3a loss of function studies failed to detect significant differences in either proliferation or apoptosis (Ikeya et al., 1997) . Certainly the phenotype of wnt3a MO ;Df w5 /Df w5 embryos could be explained by the death of specific groups of cells, but the fact that the r1 domain of epha4a expands rostrally suggests Wnt signaling at the MHB also plays a role, whether directly or indirectly, in establishing rostral hindbrain-specific gene expression patterns. Thus, Wnt regulation of MHB formation may involve both patterning and trophic functions.
Interestingly, pax2a and fgf8 appear not to require Wnts in the late gastrula neural plate for their induction or early maintenance. Could the persistence of pax2a and fgf8 expression during early somitogenesis stages be attributed to the maintained presence of Wnt8b? Wnt8b has been implicated in specifying subregions within the zebrafish forebrain (Houart et al., 2002; Kim et al., 2002) . In this case, a Frizzled-related Wnt antagonist expressed from cells at the anterior neural plate border may function to inhibit diencephalic Wnt8b expression and thus permit specification of the telencephalon (Houart et al., 2002) . Reduction of Wnt8b levels via morpholino antisense oligos also leads to a reduction in en2 expression at the 100% epiboly stage indicating that Wnt8b may play a role in regulating midbrain or MHB development. However, whether this leads to an effect on the development of the isthmic constriction or pax2a and fgf8 expression has not been reported.
Despite extensive cell death in the brain, wnt3a MO ;Df w5 /Df w5 embryos do not have significant deficiencies in dorsal neural tube derivatives, which is in contrast to the phenotype observed in mouse wnt1;wnt3a double knockouts (Ikeya et al., 1997) . One potential explanation for the comparatively mild phenotypes we observe is that there are other Wnts not yet identified that are expressed in similar overlapping patterns. Indeed, we found no deficits in neural crest derived melanocytes although it has been established that Wnt signaling promotes the fate switch from neural to pigment cell type in the neural crest (Dorsky et al., 1998) , and other wnt loci are not yet known to be expressed in the zebrafish dorsal neural tube. Genetic redundancy is a common theme in teleost development (Itoh et al., 2002; McClintock et al., 2002) , so it would be rational to expect that other paralogs or orthologs may be expressed in these domains.
The involvement of several Wnt loci in zebrafish MHB development allows the dissection of differential functions for Wnt signaling in this process. The results presented here in combination with our earlier study of the Df w5 phenotype (Lekven et al., 2003) illustrate that individual Wnts have independent and overlapping functional domains during zebrafish embryogenesis (Fig. 7) . Thus, the ventral MHB is defined by a region of wnt1 and wnt10b expression, while wnt3a and wnt8b are expressed in a more restricted region of the prospective MHB. A challenge that remains is in understanding how signaling downstream of each ligand is transduced, i.e. are there multiple receptors for these ligands, or are the various Wnt proteins able to interact with a common receptor in the MHB? The nearing completion of the zebrafish genome will allow the identification of all Wnts and their Frizzled counterparts expressed in neural domains and the systematic dissection of their contributions to neural patterning and morphogenesis.
Experimental procedures
Fish care and maintenance
Routine fish care and maintenance were performed according to standard protocols. Wild type fish used were AB. The wnt1;wnt10b deficiency allele is Df(LG23)wnt1 w5 .
Molecular biology
Primers for amplification of wnt3a were based on the sequence of the wnt(a) PCR product reported by Krauss et al. (1992) . The complete reading frame was amplified in RACE reactions on a 12 -24 hpf cDNA library (Advantage II kit, Clontech). Amplified fragments were cloned into pGEMTeasy and subsequently sequenced (Big Dye, Applied Biosystems).
In situ hybridizations
In situ hybridizations were performed as described (Oxtoby and Jowett, 1993) . Probes used in this study were: en2 (Fjose et al., 1988) , en3 (Ekker et al., 1992) , pax2a (Krauss et al., 1991) , fgf8 (Reifers et al., 1998) , wnt8b (Kelly et al., 1995) , and otx2 (Li et al., 1994) , epha4a (rtk1; Xu et al., 1994) . Double in situs were performed essentially as described (Jowett, 2001) . Fig. 7 . Schematic diagram of wnt gene expression domains in the neural plate of the early somite stage zebrafish embryo. The prospective MHB expresses wnt3a, wnt8b, wnt1 and wnt10b (pink), with a unique wnt1/wnt10b domain at the midline (green). wnt3a overlaps with wnt8.2 (Lekven et al., 2001 ) in r5-r6 (blue), while wnt3a has a broader expression domain in the posterior neural plate (yellow).
TUNEL labeling and immunohistochemistry
For TUNEL, we used the DeadEnd apoptosis kit (Promega) with minor modifications; dig-dUTP was used as the substrate for the TdT enzyme instead of the labeled nucleotide included with the kit. Detection was accomplished as for in situ hybridizations. Rabbit polyclonal Antiphospho-histone H3 (Upstate Biotechnology) antibody was diluted 1:200 in PBS, 0.1% Triton, 10% fetal calf serum for immunolabeling. Peroxidase conjugated anti-rabbit secondary antibody (Vector Laboratories) was diluted 1:250. After incubating with secondary antibody and washing in PBT, peroxidase was detected with DAB and H 2 O 2 as per manufacturer's instructions.
Sequence analysis
Sequences were assembled with Sequencher (Gene Codes Corporation), and sequence analysis was performed via the PIE analysis package available at the MRC HGMP website (www.hgmp.mrc.ac.uk). The phylogenetic tree was produced by the parsimony method (Protpars analysis; Phylip program package) with bootstrapping (100 replicates). Sequences utilized to produce the tree are Xwnt-3a (P31285), mouse Wnt3 (P17553), mouse Wnt3a (CAA40173), human Wnt3 (AAL58093.1), human Wnt3a (P56704), chick Wnt3 (AAL58093.1) and Drosophila Wg (P09615).
Morpholinos
We obtained the same results using two different morpholino oligonucleotides (MO) directed against zebrafish wnt3a. Translation blocking MO: 5 0 -GTTAGGCT-TAAACTGACACGCACAC; splice blocking MO: 5 0 -ATAGTGTTTTTACCGAACGTCCAGC. Control MO: 5 0 -CCTCTTACCTCAGTTACAATTTATA. MOs were dissolved in 1X Danieau's buffer (Nasevicius and Ekker, 2000) . Approximately, 5 nl of MO (1 mg/ml) was injected into the yolk of 1 -2 cell stage embryos. To assay splice blocking activity, RNA was isolated from uninjected wild-type embryos and embryos injected with 2 mg/ml Wnt3a splice-blocking MO. RT-PCR was performed using Thermoscript (Invitrogen). PCR primers flank the intron splice junctions. The correctly spliced mRNA will yield a PCR product of 168 bp, while an unspliced mRNA will yield a PCR product of 801 bp.
